To behave adaptively, an organism must balance the accurate maintenance of information stored in working memory with the ability to update that information when the context changes. This trade-off between fidelity and flexibility may depend upon the anticipated likelihood that updating will be necessary. To address the neurobiological basis of anticipatory optimization, we acquired functional magnetic resonance imaging data, while healthy human subjects performed a modified delayed-response task. This task used cues that predicted memory updating, with high or low probability, followed by a contingent updating or maintenance event. This enabled us to compare behavior and neuronal activity during conditions in which updating was anticipated with high and low probability, and measure responses to expected and unexpected memory updating. Based on the known role of dopamine in cognitive flexibility and working memory updating, we hypothesized that differences in anticipatory set would be manifest in the dopaminergic midbrain and striatum. Consistent with our predictions, we identified sustained activation in the dopaminergic midbrain and the striatum, associated with anticipations of high versus low updating probability. We also found that this anticipatory factor affected neural responses to subsequent updating processes, which suppressed, rather than elevated, midbrain and striatal activity. Our study addresses for the first time an important and hitherto understudied aspect of working memory.
Introduction
Working memory (WM) involves actively maintaining and manipulating mental representations in the absence of external stimuli (Baddeley, 1992 (Baddeley, , 2012 . Balancing maintenance and manipulation involves trading off flexibility against the robustness of representations, but little is known about how this is achieved.
The striatum is generally thought to be important for the manipulation of WM representations such as WM updating (Veltman et al., 2003; Marklund et al., 2009) , while the dorsolateral prefrontal cortex (DLPFC), which is an integral part of prefrontostriatal functioning, has the neuronal architecture necessary for WM maintenance (Goldman-Rakic, 1995) . Dopamine exerts antagonistic influences in the two systems (Crofts et al., 2001 ) by modulating neuronal excitability through distinct distributions of D1/D2 receptors (Camps et al., 1989) , and is thus a promising candidate for balancing the stability and flexibility of WM representations. Tonic dopamine tends to stimulate high-affinity D2 receptors, whereas phasic dopamine generally increases lowaffinity D1 stimulation level (Goto et al., 2007; Dreyer et al., 2010) . Phasic dopamine is thought to be important for updating (Frank et al., 2001; O'Reilly and Frank, 2006 ), but we do not know how tonic dopamine modulates the updating of WM representations.
Existing neuroimaging studies of memory updating generally focus on the comparison between non-updating (maintenance) and (selective/total) updating (Lenartowicz et al., 2010; Podell et al., 2012) . The findings generally concur with theoretical predictions (Frank et al., 2001; O'Reilly and Frank, 2006; Hazy et al., 2007) , in which the frontostriatal network controls access to WM (McNab and Klingberg, 2008) , with phasic dopamine acting as a gating signal (Murty et al., 2011; D'Ardenne et al., 2012) . Although this provides a compelling account of updating, it does not address a crucial aspect of adaptive behavior and brain function: how the brain balances the maintenance of beliefs about the world with the assimilation of new information (Rao and Ballard, 1999; Friston and Stephan, 2007) , a balance that is likely to depend upon the anticipated changeability or volatility of environmental cues (Behrens et al., 2007) . Manipulating the anticipated likelihood of updating may thus provide a new insight into the functional anatomy of memory updating. Tonic dopamine has been associated with uncertainty on both empirical (Fiorillo et al., 2003) and theoretical grounds, suggesting a possible augmentation of the phasic updating model to include a role for tonic dopamine in encoding the precision of, or confidence in, the task-relevance of current representations.
To characterize the functional anatomy of updating in WM, we used predictive cues to manipulate subjects' anticipatory set or beliefs about the probability that WM updating would be called upon. Our principal hypothesis was that anticipations about imminent updating would increase cognitive flexibility via modulations of tonic activity in the dopaminergic system and would thereby interact with the subsequent updating per se.
Materials and Methods
Subjects. Seventeen subjects (eight females; mean Ϯ SD age, 28.0 Ϯ 4.4 years; range, 21-36 years) were recruited via the University College London Psychology Subject Pool. Subjects were right-handed, had unimpaired or correct-to-normal visual acuity, and normal color vision, with no history of psychiatric or neurological illness. This study was approved by the Institute of Neurology (University College London) Ethics Committee. All subjects provided informed consent before the study.
Task and stimuli. The stimuli comprised predictive cues and memory arrays (Fig. 1a) . Predictive cues were a green triangle pointing upward [updating cue (UC)], which predicted a high (80%) likelihood of updating subsequently remembered items, and a red triangle pointing downward [maintenance cue (MC)], predicting a low (20%) likelihood of updating (and therefore a high likelihood of maintenance).
Following the predictive cue, each trial had three sequential components, following the predictive cue: encoding, action, and probe (Fig. 1b) . Note that "action" refers to the cognitive operation (updating or maintenance) predicted by the cues, not to the motor output per se. Each component was cued by an array containing items to be remembered or matched. Each array consisted of a 1 ϫ 5 grid presented in the same color as the preceding updating or maintenance cue. Depending on the number of items, the arrays could be full, partial, or empty. The encoding and probe arrays were full arrays, in which the elements were five nonrepeating capital letters sampled randomly from 19 English consonants (excluding W and Y) to ensure phonologically distinct combinations. In addition, arrays were excluded if the letter sequence or its neighbor formed a common acronym or word. An action array could be a partial array or an empty array, cueing updating and maintenance events, respectively. A partial action array contained a single letter in a random position: this update letter was generated from the same set of consonants but excluding the five used in the preceding encoding array. On update trials, subjects were required to update their memory and replace the encoding letter with the update letter at the corresponding position. Note that the need to update was only explicit after the update array appeared, although the predictive cue could establish an appropriate cognitive (anticipatory) set, depending on whether updating or maintenance was, a priori, more likely. Stimuli and task design. a, Each row illustrates an example of a predictive cue and subsequent memory arrays, under one of the four conditions: MCM, MCU, UCM, and UCU. The cues reported the update predictability, in which the probability of updating is 80% given a green cue and 20% for a red cue (equivalent to 80% maintenance probability). The shaded rows represent valid cue-outcome associations. The examples shown use a consistent probe array, in which subjects should give positive ("true") responses. b, Events and durations within a single trial shown as stimulus functions. Activity associated with anticipatory set (updating set and maintenance set) was modeled with a boxcar function of 6 s. Action (updating or maintenance) was modeled for unsurprising and surprising trials. Surprises (dashed spike) were modeled separately for MCU and UCM conditions. Nonspecific task effects (NS) were treated as nuisance effects. These included the visual onsets of cue, encoding, and probe events. Sets, actions, and surprises were not modeled for error trials. They were modeled as NS (the dashed line on NS correspondence to action on set). Although the anticipatory set should be disengaged upon the display of action array, additional set-switching effects were modeled at the cue onset.
The probe array either matched the array that subjects had in memory (including the update if it had occurred), or differed by a single letter, with equal probability in each of the five locations. Subjects responded by pressing a "true" key when they thought that the probe array matched the array they had in memory, or a "false" key otherwise. Subjects were told that there would be only one inconsistent letter if the probe did not match the remembered items. A fixation cross was presented during intertrial intervals and during the retention between the offset of the encoding array and the onset of the updating array. The stimuli were presented using Cogent 2000 and Matlab (MathWorks).
We defined "valid" outcomes as trials where subjects had to update after an updating cue, or they had to maintain after a maintenance cue. Violations of the cue-action associations were termed invalid or "surprise" trials. The subjects were informed that cue contingencies were veridical and were encouraged to rely on the cue to guide the task performance.
Our task therefore conforms to a 2 ϫ 2 factorial design, with the two factors comprising anticipatory set (high vs low probability of updating) and updating (update vs maintenance). This provided four conditions with regard to the valid and invalid (surprising) cue-outcome pairings: maintenance cue-maintenance (MCM), maintenance cue-updating (MCU), updating cue-maintenance (UCM), and updating cue-updating (UCU).
The predictive cue was presented for 1500 ms, followed by a fixation cross for 500 ms. Then, the encoding array appeared for 2000 ms, followed by a fixation cross for 2000 ms, while the subjects maintained the items in the encoding array. The action array then appeared for 1000 ms, followed by a blank screen for 1000 ms. Finally, the probe array was presented for 2000 ms. Subjects were required to respond as fast as possible on the appearance of the probe array. No feedback was provided during the experiment. Reaction times (RTs) were measured from the onset of the probe array. The total duration of a single trial was 12 s, with an intertrial interval of 2000 ms.
The task consisted of a single session of 100 trials. The maintenance cue and updating cue trials alternated every trial. There were equal numbers of true and false trials, counterbalanced across MCM and UCU conditions, as well as MCU and UCM conditions. Each session lasted 1200 s. Subjects responded with their index and middle fingers of their right hand using an MRI-compatible keypad. In half of the subjects, the answer "true" was mapped to the index finger and "false" to the middle finger; in the other half, the converse was the case. To minimize nonspecific processing demands, the words "True" and "False" were visible on the lower third of each probe display, on the side of the corresponding response finger.
Immediately before the fMRI experiment, each subject underwent a 1 h instructed training session. Then, a 10-trial version of the task was administered with feedback to confirm the subject had understood the task. Each subject was required to achieve 100% accuracy to enter the second part of the training, which comprised 100 trials without feedback to prepare the subject for the fMRI experiment.
WM capacity. It has been proposed that individual differences in WM span may contribute to performance in WM updating (Ecker et al., 2010) . Thus, we administered a task before the training to measure WM capacity (WMC) for each subject. This allowed us to adjust for any effect of WMC on updating. This task required the subjects to recall a letter sequence in order. The sequence was randomly generated using the same letter set used in the updating task. The subjects viewed the letters against a black background at the rate of 1 per second. The list began with four letters, increasing by one letter with every two successful trials until the subject committed an error. During responding, the subjects were allowed to type and to make corrections before they submitted their answers. The highest span size that was achieved twice was recorded for each subject.
Image acquisition. Structural and functional images were acquired on a 3 tesla Magnetom Trio MRI system (Siemens). Functional images were acquired with a 32-channel head coil, using a single-shot echo-planar imaging sequence (slice repetition time, 70 ms; echo time, 30 ms; ascending slice acquisition order; voxel size, 3 ϫ 3 ϫ 3 mm 3 ; field of view, 192 mm). During functional acquisition, a respiratory belt and pulse oximeter were used to monitor peripheral physiological variations. Field inhomogeneity was sampled by means of field mapping (short echo time, 10 ms; long echo time, 12.46 ms; total EPI readout time, 37 ms). Multiparameter images, including T1-weighted, proton density, and magnetization transfer contrasts, were acquired for structural information using 3D FLASH (fast low-angle shot) sequences.
Behavioral analysis. The RT data were taken as the dependent variables and analyzed with a 2 ϫ 2 repeated-measure ANCOVA (Fig. 2) . Harmonic means of the RTs were calculated for each condition in each subject to better characterize their central tendency (Ratcliff, 1993) . The RTs of error trials were excluded from the analysis. The ANCOVA included the effect of individual differences in WMC. Response accuracy (proportion correct) was calculated within each subject for each condition.
fMRI data acquisition and preprocessing. Imaging data were analyzed using SPM12 (Statistical Parametric Mapping; Wellcome Trust Centre for Neuroimaging, London, UK). Preprocessing of functional images included correction for geometric distortion using field maps (Jezzard and Balaban, 1995; Hutton et al., 2002) , realignment via affine registration to correct for head movement, slice timing correction, coregistration with respect to anatomical images, normalization to MNI space based on the anatomical normalization parameters, interpolation to voxel size of 2 ϫ 2 ϫ 2 mm 3 , and smoothing with a Gaussian kernel of 4 mm FWHM (full-width at half-maximum). First (within subject) level analysis included eight task-related regressors in a general linear model (GLM): maintenance set (MAI-set), updating set (UPD-set), updating (UPD), maintenance (MAI), surprising updating (sU), surprising maintenance (sM), nonspecific task effects (NS), and set-switching. MAI-set and UPD-set were models with 6 s boxcar functions, extending from the onset of cue stimuli to the offset of the retention period. These regressors modeled the sustained cue-specific anticipatory set-related activity, during which subjects prepared for the forthcoming action array. The set-switching regressor modeled transient responses at the cue onset, which can be associated with the effect of trial transition. UPD and MAI entered the GLM for all events, whether they were surprising or unsurprising. sM and sU modeled the interaction between anticipatory set and action (i.e., UPD-set-MAI and MAI-set-UPD), where invalid outcomes violated anticipatory expectations. Surprises were modeled as transient responses at the onsets of action arrays under the MCU or the UCM condition. Using nonspecific UPD and MAI regressors, together with regressors encoding surprising UPD and MAI, is equivalent to comparing valid/invalid trials. Finally, responses to en- RT results indicated a significant interaction between surprising (invalid) and unsurprising (valid) conditions (ANCOVA controlled for individual differences in WM capacity; F (1,15) ϭ 9.43, p ϭ 0.008), suggesting that the subjects were able to discriminate the cues behaviorally. The MAI-set predicts the MAI event, whereas the UPD-set predicts the UPD event, both at 80% probability.
coding, probe, and all cues from error trials were modeled by a NS regressor as a nuisance effect. The eight stimulus functions were convolved with a canonical hemodynamic response function to produce hemodynamic regressors for the GLM. Other effects of no interest, including head motion and low-level physiological variations, were modeled with an additional 20 regressors. Head motion was summarized using three translations (x, y, and z directions) and three rotations (pitch, roll, and yaw) derived from the realignment procedure. The physiological nuisance effects comprised six cardiac regressors, six respiratory regressors, and two regressors for heart rate change and change in respiratory volume (Hutton et al., 2011) .
Region of interest analysis. Empirical and theoretical accounts of the "gating" hypothesis implicate the dopaminergic midbrain and the striatum in memory updating (Frank et al., 2001; O'Reilly, 2006; Murty et al., 2011; D'Ardenne et al., 2012) . We hypothesized that activity in these regions would also be modulated by anticipatory set. We therefore defined regions of interest (ROIs) in the substantia nigra/ventral tegmental area (SN/VTA), the striatum, and the DLPFC and analyzed responses within these regions across each level of anticipatory set and action.
Anatomically informed functional ROIs were created for the midbrain and the striatum in two steps: (1) after the SN/VTA region was identified in the mean normalized magnetization transfer image averaged across subjects (Helms et al., 2009; Fitzgerald et al., 2012) , we manually traced the SN/VTA to create a (preliminary) anatomical ROI; (2) the anatomical ROI was then masked with the thresholded activation map of set (main effect of UPD-set and MAI-set, uncorrected p ϭ 0.005). A similar procedure was adopted for action. A small-volume correction was performed on tests for responses within the ROI search volume. The main effect of set (or action) was specified with appropriate contrasts averaging over UPD-set and MAI-set (or for UPD and MAI in the case of action). The resulting contrast images were then entered into a second (betweensubject) level analysis using a one-sample t test. Importantly, these localizing (ROI defining) contrasts are orthogonal to the differential effects of maintenance and updating (within set or action) that were tested using one-sample t tests.
The functional SN/VTA ROI for set consisted of 240 voxels [p ϭ 0.001, cluster false discovery rate (FDR); Fig. 3a ]. This ROI was used to summarize UPD-set and MAI-set effects in terms of their principal eigenvariates. A one-sample t test was performed to test for updating versus maintenance effects of anticipatory set on these summary statistics.
The functional SN/VTA ROI for action consisted of 186 voxels ( p ϭ 0.002, cluster FDR; Fig. 3b) . Principal eigenvariates were then extracted to summarize UPD and MAI effects. The effect of updating versus maintenance was then tested with a one-sample t test.
Striatal set activation was only observed in the left putamen. For the sake of consistency, ROI analysis of the action phase was reported in the same region. We referred to the Automatic Anatomical Labeling atlas (TzourioMazoyer et al., 2002) for the anatomical ROI of the left putamen. This anatomical ROI was masked with the thresholded activation map of the main effect of set and action separately (both used uncorrected p ϭ 0.001). This yielded two functional ROIs: the putamen-set ROI consisted of 205 voxels ( p Ͻ 0.001, cluster FDR; Fig. 4a) ; the putamen-action ROI consisted of 460 voxels ( p Ͻ 0.001, cluster FDR; Fig. 4b ). The same contrasts, UPD-set Ͼ MAIset and UPD Ͼ MAI, were tested with onesample t tests after extracting the principal eigenvariates for each condition.
Activation in the DLPFC was identified in the right hemisphere during action. Given no a priori anatomical constraint, the ROI specification was based on an isolated cluster in the right middle frontal gyrus [peak (44, 30, 24) , p Ͻ 0.001, cluster FDR, 203 voxels; Fig. 5a ] on the main effect of action. UPD and MAI parameter estimates were extracted accordingly, followed by testing the contrast UPD Ͼ MAI using a one-sample t test.
Results

Behavioral results
An ANCOVA, including individual WMC measures as a covariate, demonstrated a significant crossover interaction between cue (high or low updating probability) and action on the RTs ( Fig. 2 ; F (1,15) ϭ 9.43, p ϭ 0.008; mean RTs Ϯ SD in seconds: MCM, 1.15 Ϯ 0.17; MCU, 1.22 Ϯ 0.20; UCM, 1.18 Ϯ 0.18; UCU, 1.17 Ϯ 0.20). There was no main effect for cue (F (1,15) ϭ 1.08, p ϭ 0.315) or action (F (1,15) ϭ 0.005, p ϭ 0.945). On average, the subjects performed the task to an accuracy level of 80.71% (SD, 15.72%) during the scanning session. Statistical tests revealed no significant main effect or interaction for response accuracy. The average measure for the subjects' WMC was 6.2 letters. Performance on the task, as measured by Cowan's capacity index (Cowan, 2005) , significantly predicted the WMC measure in a linear regression (R 2 ϭ 0.418, ␤ ϭ 0.646, p ϭ 0.005).
Neuroimaging results
SN/VTA responses during set and action
Set activity for UPD-set was significantly larger than for MAI-set ( Fig. 3c, left ; t (16) ϭ 3.003, p ϭ 0.008) in the SN/VTA. Then, we tested UPD Ͼ MAI using a one-sample t test and showed a slight trend decrease in SN/VTA activity for UPD (Fig. 3c, right) , albeit insignificant (t (16) ϭ 1.609, p ϭ 0.127). A significant interaction was observed between the effect of set and action ( Fig. 3 ; t (16) ϭ 2.237, p ϭ 0.040). The main effect of set revealed a common response over the UPD-set and MAI-set in the SN/VTA, the left putamen, the left premotor cortex, the SMA, the left posterior parietal cortex, and the bilateral visual cortices (Table 1) . No activation in the DLPFC was detected. Widespread activation under the main effect of action was observed primarily in the occipital cortices, extending Figure 3 . SN/VTA BOLD responses of set and action phases: regional responses to each level of set and action were extracted using a functional ROI defined with an orthogonal contrast. a, The functional ROI for set was defined by the main effect of set over both its levels (240 voxels, p ϭ 0.001, cluster FDR). b, The functional ROI for action was defined by the main effect of action over both its levels (186 voxels, p ϭ 0.002, cluster FDR). Voxels within these functional ROIs were activated, as determined by smallvolume correction using a predefined anatomical ROI based on mean normalized magnetization transfer across subjects. c, ROI analysis for the SN/VTA region across experimental phases. The SN/VTA activity was significantly larger when expecting an updating event (left bar, **p ϭ 0.008), whereas the SN/VTA was slightly decreased on updating per se compared with maintenance (right bar, p ϭ 0.127). An interaction between set and action in the SN/VTA was also evident (*p ϭ 0.040). *p Ͻ 0.05; **p Ͻ 0.01.
into the superior parietal cortices and the bilateral frontal cortices (Table 2) . Subcortical activation included bilateral striatum, the SN/VTA, and the thalamus. No activation was detected either in our ROIs or whole-brain correction for either the sU or sM contrasts.
Striatal responses during set and action
Striatal activation was only observed in the left putamen for the main effect of set, while responses in bilateral basal ganglia were observed for the main effect of action. For consistency, we report set and action effects for the left putamen. Comparing activations in the putamen revealed that the UPD-set elicited a significantly larger response than the MAI-set ( Fig. 4c, left ; t (16) ϭ 2.832, p ϭ 0.012). Comparing the principal eigenvariates extracted from UPD and MAI using the functional mask showed no significant difference ( Fig. 4c, right ; t (16) ϭ Ϫ0.460, p ϭ 0.652).
DLPFC responses during action
We specified a cluster in the right DLPFC as a functional mask. Activity in the DLPFC during updating was significantly larger than during non-updating ( Fig. 5b ; one-sample t test; t (16) ϭ 2.993, p ϭ 0.009).
Neurobehavioral correlations
In neural terms, exploiting cognitive set usually speaks to optimal gain and efficiency in the presence of limited resources, thereby favoring behavioral outcomes in the absence of surprising outcomes (Fuster, 2008; Gazzaley and Nobre, 2012) . We therefore tested for correlations between set activity and behavioral responses. Specifically, nonparametric correlations were performed to discover whether a greater neurophysiological set activity improved response accuracy. The response accuracy in the UCU condition was positively correlated with the UPD-set activity in the SN/ VTA (Spearman's ϭ 0.546, p ϭ 0.023). Similarly, the MAI-set activity in the SN/VTA was positively correlated with the response accuracy in the MCM condition (SN/VTA: ϭ 0.483, p ϭ 0.049). No correlations were observed for invalid trials: UCM accuracy and UPD-set activity ( ϭ 0.415, p ϭ 0.098); MCU accuracy and MAIset activity ( ϭ 0.188, p ϭ 0.469). These significant correlations between measures of neuronal responses and behavior lend a further validity to the physiological effects reported above.
Discussion
We tested the hypothesis that anticipating a WM update is accompanied by activation in the dopaminergic midbrain. Consistent with our hypothesis, we found that updating-related anticipation induced sustained activity in the midbrain and striatum, suggesting a key role for tonic dopamine in the maintenance of anticipatory set (rather than for maintaining memory). In addition, the amplitude of set-related activity in the midbrain and striatum was positively correlated with response accuracy in valid trials (UCU and MCM).
The connection between the SN/VTA BOLD response and dopamine neuron firing speaks to several plausible cellular mechanisms (Düzel et al., 2009 ). Fiorillo et al. (2003 have demonstrated that the level of tonic dopamine firing varies with the uncertainty about future events. Predictive cues may entail uncertainties about updating, thereby inducing changes in tonic dopamine release. In addition, by using mixed task regressors with different temporal profiles (Donaldson, 2004) , we were able to distinguish set-related processing from transient responses. It therefore seems plausible to associate the sustained activation we observed with a tonic mode of dopamine release. We hope to test this assumption in future work using a pharmacological intervention.
How might tonic dopamine contribute to updating? A plausible model of dopaminergic activity in this context can be considered in terms of attractor dynamics for WM. It has been Figure 4 . Striatal BOLD responses of set and action: regional responses to each level of set and action were extracted using a functional ROI defined with an orthogonal contrast. a, The functional ROI for set was defined by the main effect of set over both levels (205 voxels, p Ͻ 0.001, cluster FDR). b, The functional ROI for action was defined by the main effect of action over both levels (460 voxels, p Ͻ 0.001, cluster FDR). Voxels within these functional ROIs were activated, as determined by small-volume correction using the left putamen mask from the Automatic Anatomical Labeling atlas. c, ROI analysis for the left putamen across experimental phases. Anticipatory activity in the left putamen was significantly larger with high update probability, compared with low update probability (left bar, *p ϭ 0.012). There was no difference in the striatal activity between updating and maintenance (right bar, not significant p ϭ 0.652). *p Ͻ 0.05; **p Ͻ 0.01. Figure 5 . DLPFC BOLD responses during action phase. a, The functional ROI for extracting UPD-specific and MAI-specific DLPFC responses was defined by the main effect of action over both levels, where an isolated cluster was identified in the right hemisphere (arrow; 203 voxels, p Ͻ 0.001, cluster FDR). b, ROI analysis revealed a significant UPD Ͼ MAI contrast in the right DLPFC, showing a larger response to updating events (**p ϭ 0.009). *p Ͻ 0.05; **p Ͻ 0.01.
argued that the prefrontal cortex maintains WM representations (Goldman-Rakic, 1995; Cohen et al., 1997; Courtney et al., 1997) in multiple attractor states. To enable flexible representation, a relatively flat energy landscape is required, such that the system can move easily from one metastable attractor state to another (Durstewitz et al., 2000) . The tonic level of dopamine discharges may play a role in modulating this transition by activating D2 receptors (Schultz, 2007; Rice and Cragg, 2008; Dreyer et al., 2010) , but not the D1 receptors that have lower dopamine affinity. In effect, a prefrontal "D2 state" would reduce the stability of attractors and facilitate updating or transitions (Durstewitz and Seamans, 2008) , thus rendering the system more responsive to afferent inputs. Tonic dopamine release might have a greater influence in the striatum due to higher D2 prevalence, relative to the prefrontal cortex, where D1 receptors are more abundant (Camps et al., 1989; Goldman-Rakic et al., 1992). In this setting, flexible updating may come at the cost of lowered precision or signal-to-noise ratio. In other words, the neuronal instantiation of anticipatory set for updating may be accompanied by changes in the precision or confidence afforded to cues.
We observed elevated BOLD responses in the left putamen when updating was expected, which might reflect D2 stimulation on the striatal spiny neurons or on the prefrontal afferents in layer V (Cools and D'Esposito, 2011). A possible consequence would be inhibiting the default "NoGo" indirect pathway that, in turn, disinhibits thalamocortical connections (O'Reilly, 2006) .
The between-subject correlations revealed that the midbrain responses to anticipatory set predicts performance in valid, but not invalid, trials, which is consistent with the idea that the brain optimizes performance according to anticipated outcomes (Posner, 1980; Garrido et al., 2011) . The correlations may, nevertheless, seem somewhat counterintuitive. Given that the midbrain was more active in the updating set than in maintenance set, one might expect that dopamine release is essential for updating but not for maintenance. However, this is not necessarily the case. It is likely that dopamine release is optimized for specific contexts, and that for each anticipatory set there is an optimal range of dopamine levels. Cognitive performance may then have an "inverted-U" dependency on dopamine levels (Cools and D'Esposito, 2011), leading to positive correlations between performance and tonic dopamine in both maintenance and updating sets (Fig. 6) .
Dopamine has long been implicated as an integral component of WM function, both in terms of the stability (maintaining) and flexibility (adaptive updating) of active representations (Miller and Cohen, 2001 ). In particular, neurocomputational models have proposed biologically realistic mechanisms by which dopamine can contribute to WM ( Cluster-wise significance at 0.05 FDR, using a cluster-defining threshold of p ϭ 0.001; critical cluster size was 73. Figure 6 . A schematic illustrating "dose-performance" functions under different anticipatory sets: the two curves indicate that the relationship between baseline dopamine level and behavioral performance may have an inverted-U shape. They also show that there is an optimal range in which an increase of dopamine level would improve performance. Crucially, the position of the curve may vary depending on the cognitive operation (e.g., maintenance or updating, as red and green curve, respectively). The anticipatory optimization (i.e., set) may help defining the range of baseline dopamine (represented as shaded areas), thereby optimizing performance for anticipated outcomes. This nonlinear relationship may partly account for our observation of positive correlations (between set activity and accuracy) and differential setrelated activation in the midbrain. Here, we depict a possible mechanism that appeals to the notion that different behaviors (e.g., updating and maintenance) implicate different brain systems, in which optimal dopamine range is system-dependent. If set-related activity during maintenance and updating fell under the rising parts of the curves (as illustrated by the red and green box), one would expect a positive correlation, as reported in the main text. At the between-subject level, set-related modulation of dopamine could change performance in a way that depends upon subject-specific baseline dopamine levels (compare the "law of initial value"; for review, see Cools et al., 2011) .
counts, phasic bursts of dopamine are associated with selective updating of WM representations through the frontostriatal circuitry ( Frank et al., 2001 (Fig. 3, right) . One possible explanation for this may lie in our experimental design: in our study we manipulated anticipation about updating, which affected (putative) dopamine activity before updating. This may be relevant if the same (dopaminergic) systems have been implicated in updating per se. In other words, the anticipatory set interacts with the effect of updating.
Interactions between anticipatory set and update phases may be explained with reference to the hypothesis of tonic-phasic homeostasis (Grace, 1991; Bilder et al., 2004) . This hypothesis states that the level of extracellular dopamine, as determined by tonic release, regulates the magnitude of phasic discharge. In principle, this is based on the D2 autoreceptor stimulation located in the dopamine terminals. Only tonic dopamine release is proposed to be capable of stimulating these D2 autoreceptors, which consequently restrict the neuronal responsiveness and hence the depressed spike-dependent (phasic) discharge. According to this hypothesis, the tonic release of dopamine is likely to be elicited by the presynaptic glutamatergic afferents of the prefrontal cortex. The relationship between prefrontal cortical activity and the midbrain may be an important determinant of sustained BOLD responses in the midbrain (Düzel et al., 2009) .
We noted that our striatal responses (Fig. 4c, right) were inconsistent with findings from previous studies (Bledowski et al., 2009; Bäckman et al., 2011; Murty et al., 2011; Kuhl et al., 2012; Nee and Brown, 2012; Podell et al., 2012; Kühn et al., 2013) . These studies suggested stronger striatal recruitment with WM updates, whereas we found no differential activation between updating and maintenance. Our finding may be sensible when viewed from a predictive coding perspective. Several studies have suggested that the striatum mediates unexpected events. That is, the response in the striatum can be related to prediction error (O'Doherty et al., 2003 (O'Doherty et al., , 2004 den Ouden et al., 2010) . Failing to observe significant updating-specific striatal recruitment may reflect the fact that an update, once predicted, is less surprising. This argument could be further extended to cover updatingspecific striatal activation. That is, without manipulating anticipation, WM has the propensity to occupy a stable state (that supports robust maintenance, or "D1-state"; O'Reilly, 2006) . Sudden but infrequent updating may incur greater prediction error through striatal activation. Whereas, for frequent and expected updating, a low degree of metastability could be suboptimal; instead, migrating to a regime of higher metastability may reduce the average surprise over time (cf. Friston, 2009) . In other words, expected surprise is not really surprising and may not be accompanied by the precise prediction error responses that are seen when the updates are unexpected.
The DLPFC is strongly implicated in various WM tasks. Studies fractionating WM subprocesses have suggested that the DLPFC is responsible for encoding, maintenance, and manipulation of representations (D'Esposito et al., 2000) . It is therefore difficult to disentangle the actual role of updating-related DLPFC activation in the current study. In particular, the functional implication of right-lateralized activation is unclear. However, transcranial magnetic stimulation (TMS)-induced disruption in the WM network may shed light on processing, where the right DLPFC appears to be critical at an early phase of updating (Linden, 2007) . More recently, D 'Ardenne et al. (2012) showed that time-locked, TMS-induced disruption was only effective on the right DLPFC, after the onset of updating information.
In summary, our data suggest that anticipating a WM update activates the dopaminergic midbrain and striatum, which speaks to a key role for tonic dopaminergic activity in modulating the flexibility of representations to reflect the volatility of environmental cues. These anticipations interacted with subsequent updating processes in the same regions to suppress transient responses in the midbrain and the striatum, which otherwise respond strongly to updating events. While these latter findings are prima facie inconsistent with previous findings (Murty et al., 2011; D'Ardenne et al., 2012) , they can be easily accounted for from the perspective of predictive coding (Rao and Ballard, 1999; Friston and Stephan, 2007) in that expected updates are not inherently surprising. In general, our data speak to a role for dopamine in modulating the precision, or gain, on sensory information during WM processing (Frank and Badre, 2012; . Our findings thus represent a step toward understanding both how WM flexibility is modulated in response to the demands of environment, and the likely role of tonic dopamine in WM function.
